Wheatly, Michele G., Robert C. Pence, and Jennifer R. Weil. ATP-dependent calcium uptake into basolateral vesicles from transporting epithelia of intermolt crayfish. Am. J. Physiol. 276 (Regulatory Integrative Comp. Physiol. 45): R566-R574, 1999.-ATP-dependent Ca 2ϩ uptake was determined into inside-out basolateral membrane vesicles (BLMV) from intermolt crayfish (Procambarus clarkii) Ca 2ϩ -transporting epithelia: gill, hepatopancreas (liver), and antennal gland (kidney). Extravesicular (EV) ATP (5 mM) increased 45 Ca 2ϩ uptake (free Ca 2ϩ 5 µM) by fivefold but was abolished by pretreatment with either vanadate or the ionophore A-23187. Addition of A-23187 to Ca 2ϩ -loaded vesicles produced 70% efflux. The saturable carrier exhibited a K m for Ca 2ϩ of 0.11-0.27 µM and maximal influx of 20-123 pmol · mg Ϫ1 · min Ϫ1 . The K m for ATP was 0.01-0.04 mM. The temperature coefficient ranged from 1.43 to 2.06. EGTA treatment of hepatopancreas and antennal gland vesicles decreased 45 Ca 2ϩ uptake by 50-90%; uptake was restorable by calmodulin. However, in gill, 45 Ca 2ϩ uptake was unaffected by EGTA treatment and calmodulin decreased uptake in both EGTA-treated and untreated vesicles. Addition of EV Na ϩ (5 mM) increased ATP-dependent Ca 2ϩ uptake into hepatopancreas and antennal gland BLMV by 60%; in hepatopancreas BLMV, this increase was inhibitable by ouabain. However, ATP-dependent Ca 2ϩ uptake in gill vesicles was Na ϩ independent. The relative role of each epithelium in whole animal Ca 2ϩ homeostasis has been interpreted based on in vitro characteristics.
THE FRESHWATER CRAYFISH has emerged as a unique model organism for studying the transmembrane Ca 2ϩ transfer processes fundamental to Ca 2ϩ homeostasis in all eukaryotic organisms (28) . During the crustacean molting cycle, cuticular CaCO 3 is alternately reabsorbed in premolt (negative Ca 2ϩ balance) and then deposited in postmolt (positive Ca 2ϩ balance) in an environment that is Ca 2ϩ restricted (Ca 2ϩ Ͻ 1 mM). Correspondingly, directionality (out/in) and magnitude of Ca 2ϩ transfer can vary significantly during the molting cycle at the primary Ca 2ϩ -transporting epithelia, which are: gills (passive diffusional loss/active uptake), hepatopancreas (midgut gland analogous to liver; lumenal Ca 2ϩ storage/uptake via food and drink), antennal gland (analogous to kidney; filtration/reabsorption), and the cuticular hypodermis (demineralization/mineralization).
Existing models for crustacean transepithelial Ca 2ϩ transfer (28) have been derived from marine species [gill of the shore crab, Carcinus maenas (8) ; hepatopancreas of the lobster, Homarus americanus (2, 32, 33) ]. Apical uptake of Ca 2ϩ is largely passive, involving channels and electroneutral/electrogenic Ca 2ϩ /Na ϩ exchangers. Active transfer against an electrochemical gradient across the basolateral membrane into the hemolymph involves both a Ca 2ϩ pump (Ca 2ϩ ATPase) and exchanger (Ca 2ϩ /Na ϩ ). The electrochemical gradient for Na ϩ established by Na ϩ -K ϩ -ATPase provides energy for Ca 2ϩ extrusion via the exchanger. Marine crustaceans maintain extracellular (EC) Ca 2ϩ isoionically (14) , produce an isosmotic urine, and absorb Ca 2ϩ passively from the external seawater (SW; Ca 2ϩ , 10 mM) in postmolt (19) .
By contrast, the intermolt freshwater (FW) crayfish hyperionically regulates EC Ca 2ϩ primarily by postfiltrationally reabsorbing Ca 2ϩ (30) . Postmolt mineralization involves activation of branchial uptake mechanisms (13, 29) and possibly reingestion of the cast exuviate. In premolt, CaCO 3 is stored in the lumen of the cardiac stomach in the form of gastroliths that are reabsorbed rapidly in postmolt. In summary, the crayfish has evolved ionoregulatory adaptations enabling it to maintain Ca 2ϩ homeostasis in FW; as such, it provides an ideal model for delineating Ca 2ϩ transfer mechanisms in gills, hepatopancreas, and antennal gland.
In an earlier paper, we presented methodology for isolation of basolateral membrane vesicles (BLMV) in the inside-out orientation (IOV) from gills, hepatopancreas, and antennal gland of intermolt crayfish (31) ; osmotic reactivity was demonstrated, and nonspecific Ca 2ϩ binding was determined. In the present paper, the vesicle preparations are used to characterize ATPdependent Ca 2ϩ uptake during intermolt. The relative role of each Ca 2ϩ -transporting epithelium in whole organism Ca 2ϩ homeostasis during intermolt is discussed. This study will form the framework for future studies on ATP-dependent Ca 2ϩ uptake in pre-and postmolt stages of the molting cycle.
ATP-dependent Ca 2ϩ uptake has been partially characterized in two prior studies using marine crustacean vesicles. Flik et al. (8) examined ATP-dependent Ca 2ϩ uptake into gill plasma membranes of the shore crab, C. maenas, determining K m and maximal flux (J max ) and the effect of a Ca 2ϩ ionophore. Zhuang and Ahearn (33) examined Ca 2ϩ uptake into BLMV from hepatopancreas of lobster, H. americanus, describing the effects of a Ca 2ϩ ionophore, EGTA, and vanadate and characterizing pH optima as well as kinetics. The ATP-dependent Ca 2ϩ pump has not been characterized in any epithe-lium of a FW crustacean or in the antennal gland of any crustacean.
The ATP-dependent Ca 2ϩ pump has been well characterized in epithelial BLMV of lower and higher vertebrates, including gills of FW eel, Anguilla rostrata (9, 5) ; gills of FW trout, Salmo gairdneri (20) ; gills of FWand SW-adapted tilapia, Oreochromis mossambicus (26) ; intestine of FW tilapia, O. mossambicus, (6); gill and gut of FW tilapia (7); rat intestine (25) ; and rat kidney (10, 24) .
The ATP-dependent Ca 2ϩ uptake into BLMVs is equivalent to the basolateral Ca 2ϩ pump, technically referred to as plasma membrane Ca 2ϩ ATPase (PMCA), which is found in all eukaryotic cells. The cell physiology and molecular biology of PMCA have been reviewed (4) . The high affinity of the pump implicates it in fine tuning of cytosolic free Ca 2ϩ as well as Ca 2ϩ ejection from cells. PMCA is a phosphorylated ''P-type'' ATPase that is regulated by calmodulin and inhibited by orthovanadate.
MATERIALS AND METHODS
Crayfish (Procambarus clarkii Girard) were obtained from Carolina Biological Supply and maintained in 40-liter aquariums in filtered aerated water at 21°C. BLMV were isolated from gill, hepatopancreas, and antennal gland pooled from six intermolt crayfish, as recently outlined (31) . Basolateral enrichment, vesicle resealing and orientation, osmotic reactivity, and nonspecific Ca 2ϩ binding are provided in the earlier study. All ATP-dependent Ca 2ϩ uptake experiments were performed using fresh vesicles (within 24 h of isolation) at 37°C, the temperature at which maximal uptake rate was observed (see below).
ATP-dependent Ca 2ϩ uptake. A rapid filtration procedure was used to determine 45 Ca 2ϩ uptake into IOVs using cytoplasmic ATP-and Ca 2ϩ -binding sites (1, 2, 8, 24, 32) . Vesicles suspended in isotonic sucrose buffer (31) were pelleted at 80,000 rpm in a Beckman airfuge. They were then resuspended by gentle pipetting and loaded (1 h on ice) with an intravesicular medium (IV) containing 100 mM KCl, 5 mM MgCl 2 , and 25 mM HEPES-Tris at pH 7.4. The K ϩ ionophore valinomycin (50 µM) was added, which, together with equivalent concentrations of K ϩ on either side of the vesicular membrane, served to short-circuit membrane potential generated by exchanger activity. Ten minutes before the experiment, vesicles and extravesicular medium (EV, see below) were brought to experimental temperature in a water bath.
In a typical experiment, uptake of 45 Ca 2ϩ into IOVs was determined in the presence (experimental) and absence (control) of ATP in vesicles prepared lacking any transmembrane chemical or potential gradients. The EV assay medium contained (final concentrations, in mM except as indicated otherwise) 25 HEPES-Tris at pH 7.4, 100 KCl, 0 (control) or 5 (experimental) Tris-ATP, 1 NaN 3 and 5 µg/ml oligomycin B (together inhibit residual mitochondrial ATPase activity), 0.5 EGTA, 0.5 N-(2-hydroxyethylethylenediamine)-N,NЈ,NЈ-triacetic acid (HEEDTA), 0.5 nitrilotriacetic acid (NTA), 5 MgCl 2 (free Mg 2ϩ , 1.52 mM), 0.72 CaCl 2 (free Ca 2ϩ , 5 µM), and 3-6 µCi 45 Ca 2ϩ (0.5-0.8 MBq/ml; purchased as CaCl 2 , specific activity 26.3 mCi/mg; DuPont). The free Mg 2ϩ and Ca 2ϩ concentrations were calculated using the program Chelator (22) . The first and second protonations of the ligands in the calcium buffers (ATP, EGTA, HEEDTA, and NTA) were taken into account, and the stability constants were adjusted in accordance with the pH, temperature, and ionic strength of the medium.
The reaction was set up in a total volume of 165-195 µl, with 20-to 50-µl vesicles (0.2-11 mg total protein). At intervals (0-60 min) after the addition of ATP, a 20-to 40-µl subsample was removed and incubation was terminated by quenching with 1 ml ice-cold isotonic stop buffer (100 mM KCl, 25 mM Tris-HEPES at pH 7.4, and 1 mM LaCl 3 ). A 20-to 40-µl subsample removed from the reaction vial was added to fluor to determine the specific activity. Vesicles in stop buffer were filtered (Schleicher and Schuell ME 24, pore diameter 0.2 µm, presoaked), the test tube was washed two times with 3 ml stop solution, and the filter was rinsed two times with 3 ml stop solution. The membrane filters with retained 45 Ca 2ϩ -containing vesicles were placed in 5 ml Cytoscint (ICN Radiochemicals), and radioactivity was counted in a scintillation counter (Packard Minaxi 4000). The amount of protein per filter (40-300 µg) was determined via the Bio-Rad protein assay. Uptake of 45 Ca 2ϩ was calculated as picomoles per milligram protein per minute using specific activity of 45 Ca 2ϩ in the incubation medium. Nonspecific retention of 45 Ca 2ϩ to vesicles and filter was determined at time 0 by running blanks (simultaneous addition of vesicles and wash buffer to incubation medium, followed by filtration and rinsing), and uptake was corrected accordingly. Details of specific experiments are outlined below. 45 Ca 2ϩ uptake was assessed over 20 min in either the presence or absence of ATP. In a separate experiment, the ionophore A-23187 (10 µg/ml; stock made up in DMSO) was added together with ATP either at the start of the experiment (t ϭ 0) or 10 min after 45 Ca 2ϩ loading had commenced (8) . In both cases, uptake was monitored for a total of 20 min. In a separate experiment, ATP was added at the start of the experiment together with orthovanadate (0.1 mM, Na 3 VO 4 ), an ATPase inhibitor that binds with the ATP hydrolyzing site (3) .
Free [Ca 2ϩ (23) . In subsequent experiments, ATP concentration in EV medium was held at 5 mM.
Temperature dependence. The ATP-dependent 45 Ca 2ϩ uptake was measured at three experimental temperatures that span the range experienced by crayfish in the natural environment: 12, 19, and 39°C.
Calmodulin dependence. Initial (1 min) ATP-dependent 45 Ca 2ϩ uptake was determined in untreated vesicles (control). Uptake was then assessed after pretreatment with EGTA (15 min at 37°C; see Ref. 9). Vesicles were pelleted and then resuspended in 25 mM HEPES-Tris (7.4), 100 mM KCl, and 5 mM MgCl 2 , with 5 mM EGTA. Vesicles were then pelleted and washed two times in basic assay medium (less ATP and Ca 2ϩ buffer system). Uptake was then reassessed in EGTA-treated vesicles. The effect of calmodulin (0.625 µM, origin bovine testicle) was assessed in a parallel group of EGTA-treated vesicles and compared with the effect on EGTA-untreated vesicles.
Na ϩ dependence. Initial (1 min) ATP-dependent 45 Ca 2ϩ uptake was assessed in EV (control, 0 mM Na) both in the presence and absence of ouabain, a known inhibitor of the Na ϩ pump. In a parallel group of vesicles, the effect of addition of 5 mM Na to the EV was assessed both in the presence and absence of ouabain. Preincubation with 1 mM ouabain occurred for 2 h on ice because the ouabain binding site of Na ϩ -K ϩ -ATPase is directed toward the vesicular lumen in IOVs (24) .
Statistical analysis. Each experiment was repeated three to six times using vesicles prepared on different days from tissue pooled from six animals. Values are expressed as means Ϯ SE. Statistical analysis of the data was performed using paired or unpaired Student's t-test; significance was accepted when P Ͻ 0.05. 45 Ca 2ϩ uptake. The ATP-dependent and ATPindependent uptake of 45 Ca 2ϩ into IOVs of gill, hepatopancreas, and antennal gland are illustrated in Fig. 1 , A-C. In the absence of ATP, 45 Ca 2ϩ uptake followed a slow hyperbolic function of time. In each case, the presence of ATP significantly increased 45 Ca 2ϩ accumulation compared with ATP-independent uptake. Uptake reached a plateau in each case by 15-20 min, with ATP-dependent 45 Ca 2ϩ uptake exceeding ATP-independent uptake by five-to sixfold. A linear increase in 45 Ca 2ϩ uptake was observed for the first 5 min of incubation in gill and the first 10-15 min of incubation in hepatopancreas and antennal gland. Maximal uptake is limited by ATP depletion in the reaction vial; accordingly, the plateau for uptake in antennal gland was higher than in gill or hepatopancreas due to lower protein content in the reaction vial. The mean initial rate of 45 Ca 2ϩ uptake (first 1 min) at 37°C was calculated to be 106.4, 28.8, and 92.0 pmol · mg Ϫ1 · min Ϫ1 in gill, hepatopancreas, and antennal gland, respectively. In preliminary experiments, we confirmed that 45 Ca 2ϩ uptake was promoted only by ATP and not by either ADP or the nonhydrolyzable ATP analog 5-adenylylimidodiphosphate.
RESULTS
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Effect of Ca 2ϩ ionophore A-23187 and vanadate. The effects of A-23187 and vanadate on 45 Ca 2ϩ uptake into BLMV of gill, hepatopancreas, and antennal gland are illustrated in Fig. 2 , A-C. The ATP-dependent uptake followed the same time course as outlined above, with uptake rates reaching a plateau after 10-15 min at levels that were elevated severalfold over ATP-independent rates. Incubation of vesicles from the start of the experiment with ATP and either the Ca 2ϩ ionophore A-23187 or vanadate produced 45 Ca 2ϩ uptake rates that were virtually identical to those measured in the absence of ATP. When A-23187 was added after 10 min to Ca 2ϩ -loaded vesicles, 60-70% of loaded 45 Ca 2ϩ was lost within 10 min.
Free [Ca 2ϩ ] dependence: Kinetics. Initial (1 min) ATP-dependent 45 Ca 2ϩ uptake rates into BLMV of gill, hepatopancreas, and antennal gland were determined as a function of EV free Ca 2ϩ (Fig. 3 , A-C; left), and an Eadie-Hofstee transformation of the data was undertaken to determine enzyme kinetics (Fig. 3, A-C ] tends to 0. The slope of the line is equal to ϪK m (apparent dissociation constant or substrate concentration at which half-maximal flux rate occurs). The Eadie-Hofstee plot is considered more accurate and generally superior to a Lineweaver-Burk transforma- http://ajpregu.physiology.org/ tion because it does not compress data points at high substrate concentrations. Linear regression on EadieHofstee transformed data produced the following kinetics: gill, K m ϭ 0.28 µM, J max ϭ 108.84 pmol · mg Ϫ1 · min Ϫ1 ; hepatopancreas, K m ϭ 0.27 µM, J max ϭ 20.26 pmol · mg Ϫ1 · min Ϫ1 ; and antennal gland, K m ϭ 0.11 µM, J max ϭ 122.66 pmol · mg Ϫ1 · min Ϫ1 . Values for J max in gill and antennal gland were comparable and in both cases were fivefold higher than in hepatopancreas. The K m for Ca 2ϩ was lowest in antennal gland; K m was higher and equivalent in both gill and hepatopancreas.
Substrate (ATP) dependence. Initial (1 min) ATPdependent 45 Ca 2ϩ uptake rates into BLMV of gill, hepatopancreas, and antennal gland were determined as a function of EV ATP concentration (Fig. 4, A-C,  left) , and an Eadie-Hofstee transformation of the data was performed to determine kinetics (Fig. 4, A-C,  right) . The K m for ATP was comparable in gill and hepatopancreas (0.006 and 0.012 mM, respectively) but was higher in antennal gland (0.039 mM). There was excellent correspondence between J max determined for ATP dependence and that reported above for free [Ca 2ϩ ] dependence (Fig. 3) .
Temperature dependence. ATP-dependent 45 Ca 2ϩ uptake rate was temperature dependent between 12 and 39°C, exhibiting a mean temperature coefficient (Q 10 ) of 2.06 Ϯ 0.38 (n ϭ 3) in gill, 1.43 Ϯ 0.12 (n ϭ 4) in hepatopancreas, and 1.64 Ϯ 0.05 (n ϭ 3) in antennal gland.
Calmodulin dependence. Pretreatment of hepatopancreas and antennal gland BLMV with EGTA significantly decreased ATP-dependent 45 Ca 2ϩ uptake (Table  1) by 50 and 90%, respectively. In EGTA-treated hepatopancreas and antennal gland vesicles, 45 Ca 2ϩ uptake was restorable to levels observed in untreated vesicles by addition of calmodulin. Calmodulin addition did not affect ATP-dependent 45 Ca 2ϩ uptake into untreated hepatopancreas or antennal gland vesicles. Gill vesicles exhibited a completely different response from that observed in hepatopancreas and antennal gland. EGTA treatment of vesicles did not significantly reduce ATPdependent 45 Ca 2ϩ uptake. However, at the concentration used in the present experiment (0.625 µM), calmodulin addition significantly reduced 45 Ca 2ϩ uptake into EGTA-treated vesicles as well as EGTAuntreated vesicles (P ϭ 0.051).
Na ϩ dependence. Addition of 5 mM Na to the EV resulted in a significant (58%) increase in ATPdependent 45 Ca 2ϩ uptake in both hepatopancreas and antennal gland BLMV ( Table 2 ). Pretreatment of mem- http://ajpregu.physiology.org/ branes with ouabain had no effect on ATP-dependent 45 Ca 2ϩ uptake in Na ϩ -free EV buffer. Pretreatment of hepatopancreas BLMV with ouabain produced ATPdependent 45 Ca 2ϩ uptake rates in 5 mM Na buffer that were significantly below levels in 5 mM buffer untreated with ouabain, indicating that the Na ϩ -dependent increase was ouabain inhibitable. These levels were also significantly below the levels observed in Na-free buffer, suggesting that ouabain had an effect over and above inhibition of the Na ϩ -dependent increase in ATP-dependent 45 Ca 2ϩ uptake. Similarly, in antennal gland BLMV, the Na ϩ -dependent increase in ATP-dependent 45 Ca 2ϩ uptake was virtually inhibited by pretreatment with ouabain (P ϭ 0.063). In gill vesicles, neither addition of Na ϩ to the EV buffer nor pretreatment with ouabain had any significant effect on ATP-dependent 45 Ca 2ϩ uptake. Mean 45 Ca 2ϩ uptake increased 16% after addition of 5 mM Na to the EV buffer. However, high variance among 45 Ca 2ϩ uptake rates in these vesicles meant that the trend was not significant.
DISCUSSION
The present study is the first to characterize ATPdependent 45 Ca 2ϩ uptake into antennal gland BLMV of any intermolt crustacean and the first to demonstrate uptake into gill and hepatopancreas BLMV in the intermolt FW crayfish. ATP-dependent 45 Ca 2ϩ uptake was shown to be homogeneous, exhibit half-maximal saturation at IC [Ca 2ϩ ], be prevented by the ionophore A-23187 and vanadate, and be temperature sensitive and calmodulin and Na ϩ dependent. As such, the ATP-dependent 45 Ca 2ϩ uptake process in Ca 2ϩ -transporting epithelia of FW crayfish demonstrates similarities with the Ca 2ϩ transport system described for BLMV of other crustaceans (8, 33) , fish (9, 20) , and mammals (10, 24) . 45 Ca 2ϩ uptake. In the two published crustacean studies (8, 33) , 45 Ca 2ϩ uptake reached a plateau more rapidly (2-5 min) than in the present study, consistent with ATP depletion resulting from increased uptake rates in marine species. Linear 45 Ca 2ϩ uptake was reported over the initial 1-3 min of incubation under similar reaction conditions in studies in crustaceans (8, 33) , fish (9, 20) , and mammals (24, 10) . In the literature, addition of ATP stimulates 45 Ca 2ϩ uptake above ATP-independent uptake anywhere from twofold [lobster hepatopancreas (33) ] to fivefold [crab gill (8, present study)] and up to 20-fold in vertebrates (9, 10, 20, 24). Fig. 3 . Free Ca 2ϩ dependence of ATP-dependent 45 Ca 2ϩ uptake into crayfish BLMV from gill (A; p), hepatopancreas (B; j), and antennal gland (C; l) at 37°C. Rates are mean values of 3 experiments. Vesicles were preincubated with IV and EV as outlined in Fig. 1 
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Effect of Ca 2ϩ ionophore A-23187 and vanadate.
In crayfish, the addition of the Ca 2ϩ ionophore A-23187 produced 45 Ca 2ϩ efflux from preloaded vesicles (Fig. 2) , proving that ATP-dependent 45 Ca 2ϩ uptake occurred against a concentration gradient. It also confirmed that uptake was into the IV space and not from superficial binding as outlined in an earlier study (31) . However, in crayfish vesicles, only 60-70% of preloaded 45 Ca 2ϩ was lost within 10 min of addition of A-23187, the other 30% remaining bound inside the vesicles. Other studies have similarly shown that ionophore-stimulated Ca 2ϩ efflux is incomplete [60-80%; lobster hepatopancreas (33), rat kidney cortex (24) , eel gill (9), trout gill (20) ], whereas other studies have demonstrated complete unloading [crab gill (8) , rat hepatic (16), rat duodenum (10)] often occurring rapidly (within 1 min). In the present study, ATP-dependent 45 Ca 2ϩ uptake into crayfish vesicles was completely inhibited when A-23187 Values are means of 4-6 repetitions Ϯ SE. BLMV, basolateral membrane vesicles. * Significantly different from ϪCalmodulin, untreated (P Ͻ 0.05); † significantly different from ϪCalmodulin, EGTA treated (P Ͻ 0.05); ‡ significantly different from ϪCalmodulin, untreated is P ϭ 0.051. Values are means of 4 or 5 repetitions Ϯ SE. * Significantly different from control (0 mM Na, untreated), using paired t-test (P Ͻ 0.05); † significantly different from 5 mM Na, untreated, using paired t-test (P Ͻ 0.05); ‡ significantly different from 5 mM Na, untreated, using paired t-test is P ϭ 0.063. http://ajpregu.physiology.org/ was added at the start of the experiment, as demonstrated in FW trout vesicles (20) . In other vesicle populations [rat enterocyte (10) , rat kidney cortex (24) , eel gill (9)], only 70-90% of uptake was prevented.
Orthovanadate is a potent inhibitor of P-type ATPases, including crayfish Ca 2ϩ ATPase, based on the findings of the present study (Fig. 2) . It interacts with the intracellular ATP-hydrolyzing site (located on EV membrane in IOVs), inhibiting ATP-hydrolyzing enzymes that become phosphorylated during the catalytic process (3). Vanadate virtually inhibited (90-100%) all ATP-dependent 45 Ca 2ϩ uptake into crayfish vesicles as in rat kidney cortex (12) . In other populations of vesicles [lobster hepatopancreas (33) , rat duodenum (10)], only 80% of ATP-dependent 45 Ca 2ϩ uptake was inhibited by vanadate.
Free [Ca 2ϩ ] dependence: Kinetics. A comparison of J max among different crayfish epithelia can provide an indication of density of Ca 2ϩ pumps and their relative importance in Ca 2ϩ influx. In the present study, J max was higher in crayfish gill and antennal gland than in hepatopancreas, possibly suggesting that in intermolt crayfish the branchial/renal epithelia may potentially play a greater role in overall Ca 2ϩ homeostasis than the digestive epithelium (28) . This assumes that Ca 2ϩ -transporting proteins contribute equally to total protein in each tissue, because uptake rates are expressed per milligram total protein. Prior epithelial and whole tissue studies in our lab have confirmed that Ca 2ϩ influx at the kidney (reabsorption of Ca 2ϩ from urine) is higher than branchial unidirectional Ca 2ϩ influx in the intermolt stage of the molting cycle. In aquatic organisms, J max is typically higher in marine species (8, 26, 33) than in FW species (6, 9, 20, 26, present study) associated with increased whole organism ion fluxes. Also, branchial uptake is more important in aquatic species than uptake at the gut (6, present study). Evolution into terrestrial environments and loss of contact with water increase reliance on gastric epithelia for Ca 2ϩ influx from food, with the renal reabsorption of Ca 2ϩ in urinary filtrate also contributing to Ca 2ϩ homeostasis (10, 16, 24) .
Affinity was higher in crayfish antennal gland than in either gill or hepatopancreas. In the literature, K m is typically between 0.01 and 0.5 µM, which corresponds closely to the free Ca 2ϩ concentration found inside the cell cytosol (100-200 nM). K m tends to be lower in FW-acclimated aquatic vertebrates or in terrestrial species that have evolved onto land via FW origins (6, 9, 10, 16, 20, 24, 26) .
Substrate (ATP) dependence. Substrate (ATP) dependence of ATP-dependent 45 Ca 2ϩ uptake in crayfish vesicles (Fig. 4) revealed a K m close to values determined for Na ϩ -K ϩ -ATPase in crab gill [0.03 (23) ]. Both were two orders of magnitude lower than K m for ATP for HCO 3 -dependent ATPase (4.4 mM) in gills of crabs acclimated to either high-or low-salinity water (17) .
Temperature dependence. Temperature dependence of ATP-dependent Ca 2ϩ uptake is of physiological significance to a poikilothermic organism such as the crayfish. Q 10 values determined for ATP-dependent 45 Ca 2ϩ uptake in crayfish were consistent with thermal coefficients reported for Ca 2ϩ pumps in rat kidney cortex BLMV [1.54 (24) ] and with pancreatic islet BLMV [1.49 (15) ]. For blue crab gills, the HCO 3 -dependent ATPase had a Q 10 of 1.46 in crabs acclimated to full-strength SW and 1.71 in crabs acclimated to low-salinity water [temperature range was 13-37°C (17)].
Calmodulin dependence. High-affinity PMCA is typically calmodulin dependent. The fact that calmodulin addition did not significantly increase ATP-dependent 45 Ca 2ϩ uptake into untreated hepatopancreas or antennal gland vesicles tends to suggest that endogenous calmodulin was not lost during vesicle isolation. The present study has confirmed that ATP-dependent 45 Ca 2ϩ uptake into hepatopancreas and antennal gland BLMV is calmodulin dependent. In vesicles from these two tissues, EGTA treatment, which removes endogenous calmodulin by chelating Ca 2ϩ , had the effect of significantly reducing ATP-dependent 45 Ca 2ϩ uptake. The remaining uptake that was calmodulin independent was higher in hepatopancreas (50%) but was virtually negligible (10%) in antennal gland. Calmodulin repletion restored ATP-dependent 45 Ca 2ϩ uptake in EGTAtreated vesicles to rates that were not significantly different from those measured in untreated vesicles. Similarly, in other vesicle populations, 50% of Ca 2ϩ uptake has been shown to be calmodulin dependent [eel gill (9) , trout gill (20) , rat kidney cortex (24) , and lobster hepatopancreas (33) ]. In rat intestinal BLMV, only 25% of uptake was calmodulin dependent (25) . Although calmodulin is believed to affect primarily J max , an affect on affinity was reported in rat duodenum (10) and both were affected in intestinal BLMV and rat renal BLMV, where the readdition of exogenous calmodulin shifted the affinity for Ca 2ϩ from 1.2 to 0.24 µM Ca 2ϩ and increased the J max by 30% (12) .
The fact that EGTA treatment did not affect ATPdependent 45 Ca 2ϩ uptake into crayfish gill BLMV would suggest either that EGTA treatment was unsuccessful in removing all endogenous calmodulin or, alternatively, that the gill uptake mechanism is primarily calmodulin independent. Addition of calmodulin had an inhibitory effect on ATP-dependent 45 Ca 2ϩ uptake in both untreated and EGTA-treated membranes. Departure from the results shown by hepatopancreas and antennal gland can be best resolved by future calmodulin titration curves. Plasma membrane Ca 2ϩ pumps are not uniformly sensitive to calmodulin in rats. For example, calmodulin sensitivity could not be demonstrated in liver vesicles (16) . Na ϩ dependence. In crayfish hepatopancreas and antennal gland, an increase in ATP-dependent 45 Ca 2ϩ uptake was observed with addition of 5 mM Na. This increase was fully inhibitable by preincubation with ouabain in hepatopancreas (and largely inhibitable in antennal gland), suggesting that basolateral Na ϩ -K ϩ -ATPase generated an Na ϩ gradient favorable for additional Ca 2ϩ accumulation via a basolateral Ca 2ϩ /Na ϩ exchanger. In these two vesicle populations, the increase in 45 Ca 2ϩ uptake suggests that the Ca 2ϩ /Na ϩ exchanger capacity may approach 60% of the J max of the ATP-dependent Ca 2ϩ pump.
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Because the Ca 2ϩ /Na ϩ exchanger is a symmetrical carrier (21) , all resealed vesicles (both ROVs and IOVs) will contribute to Na ϩ gradient-dependent Ca 2ϩ uptake. The ratio of leaky vesicles/sheets:ROV:IOV was 60:26:14 in hepatopancreas and 40:39:21 in antennal gland (31) . Maximal activity of Ca 2ϩ /Na ϩ exchanger can be estimated for hepatopancreas as the increase in 45 Ca 2ϩ uptake in the presence of 5 mM Na corrected for 100% resealed vesicles (10.61 pmol · mg Ϫ1 · min Ϫ1 ϫ 2.5 ϭ 26.52 pmol · mg Ϫ1 · min Ϫ1 ). This equates to 22% of the estimated maximal activity for Ca 2ϩ ATPase based on uptake in the absence of Na corrected for 100% IOVs (16.81 pmol · mg Ϫ1 · min Ϫ1 ϫ 7.14 ϭ 120 pmol·mg Ϫ1 ·min Ϫ1 ). The corresponding values for antennal gland are 35.13 pmol · mg Ϫ1 · min Ϫ1 (maximal Ca 2ϩ / Na ϩ exchanger activity) versus 188 pmol · mg Ϫ1 · min Ϫ1 (maximal Ca 2ϩ ATPase activity), suggesting similarly that the Ca 2ϩ exchanger has ϳ19% of the Ca 2ϩ pump capacity.
In intermolt, lobster ATP-dependent Ca 2ϩ uptake similarly accounted for 90% of the Ca 2ϩ efflux from hepatopancreatic BLMV (33); however, in intermolt crab gill, BLMV pump and exchanger activity were comparable at IC [Ca 2ϩ ] of 100-200 nM (8) . Both studies predicted that the exchanger may predominate as the primary mode of Ca 2ϩ efflux if IC concentrations rose above 500 nM during stages of the molting cycle. In mammalian intestinal and renal epithelia, the exchanger appeared to be of relatively minor importance in transcellular Ca 2ϩ transport [5-20% (11, 24) ]. In rat kidney cortex vesicles (24) , 45 Ca 2ϩ uptake was only stimulated by 15% at 5 mM Na. In that study, as EV Na was raised to 75 mM, 45 Ca 2ϩ uptake decreased, suggesting that Ca 2ϩ accumulated via the ATPase was being released via the Ca 2ϩ /Na ϩ exchanger. However, in fish enterocytes, the Ca 2ϩ /Na ϩ exchanger had sixfold the Ca 2ϩ transport capacity of the pump (6) .
Comparison of in vitro and in vivo ATP-dependent Ca 2ϩ uptake capacity in crayfish epithelia. The capacity for ATP-dependent 45 Ca 2ϩ uptake in each tissue of an individual crayfish was calculated from in vitro vesicle studies and compared with in vivo 45 Ca 2ϩ uptake rates in Table 3 . In vitro ATP-dependent 45 Ca 2ϩ uptake was calculated (26) as maximal initial rate of ATP-dependent 45 Ca 2ϩ uptake (J max ) ϫ total protein in the homogenate adjusted to 100% IOVs and 100% recovery of basolateral membranes (calculated from percentage recovery of Na ϩ -K ϩ -ATPase specific activity). This value was divided by six because tissues from six crayfish had been pooled for vesicle isolation. The total capacity for ATP-dependent 45 Ca 2ϩ uptake was calculated as 27.3 µmol/h for gill, 3.1 µmol/h for hepatopancreas, and 3.7 µmol/h for antennal gland. Again on the assumption that each tissue has a similar density of Ca 2ϩ pumps per milligram protein, the gills of intermolt crayfish have a capacity for ATP-dependent 45 Ca 2ϩ uptake that is an order of magnitude greater than either the hepatopancreas or the antennal gland. This relationship confirms the relative importance of the three exchange epithelia in overall Ca 2ϩ uptake.
At the branchial epithelium, activity of the Ca 2ϩ pump can be correlated with unidirectional Ca 2ϩ influx, that is, active uptake of Ca 2ϩ from the external water into the hemolymph. Branchial influx rates in intermolt crayfish, P. clarkii, were 142 µmol · kg Ϫ1 ·h Ϫ1 at 25°C (27) , which translates to 4.8 µmol/h for a 16-g crayfish at 37°C [assuming a thermal quotient Q 10 of 1.5 for Ca 2ϩ pumps (24) ]. This value is lower than the in vitro 45 Ca 2ϩ uptake capacity by a factor of six, suggesting that the intermolt gills are engineered with an overcapacity to transport Ca 2ϩ . Because Ca 2ϩ influx increases 10-to 20-fold during the postmolt period (28), the implication is that Ca 2ϩ pumps must proliferate or undergo activation because the intermolt capacity would be inadequate to effect mineralization. Recent molecular studies in our lab (Z. Zhang, F. Castellano, D. Chen, and M. G. Wheatly, personal communication) have confirmed increased expression of PMCA in gills in postmolt crayfish. In FW tilapia, the gills have a 200ϫ overcapacity to take up Ca 2ϩ ; together with the gut, the gills are the primary route for Ca 2ϩ influx into FW fish (26) . Furthermore, in fish, branchial Ca 2ϩ uptake occurs continuously, unlike crustacea, in which it is confined primarily to the postmolt period.
At the antennal gland, Ca 2ϩ pump activity can be correlated with unidirectional Ca 2ϩ influx, that is, active reabsorption of Ca 2ϩ from the lumenal urinary filtrate into the hemolymph. This rate was measured in a related intermolt crayfish, Pacifastacus lenisculus, as 35 µmol · kg Ϫ1 ·h Ϫ1 at 12°C (30) that translates to 3.4 µmol/h for a 26-g crayfish at 37°C. This value is virtually identical to the in vitro ATP-dependent Ca 2ϩ uptake capacity calculated for P. clarkii antennal gland in the present study, suggesting that antennal gland Ca 2ϩ pumps are working at capacity in intermolt. Comparable indices for hepatopancreas cannot be calculated due to lack of in vivo Ca 2ϩ influx data in intermolt crayfish.
Perspectives
The present paper has served to comprehensively characterize ATP-dependent Ca 2ϩ uptake in the primary Ca 2ϩ -transporting epithelia of intermolt crayfish. This work serves as a framework to begin assessment of activity during stages of the molting cycle when IC Ca 2ϩ homeostasis is severely challenged by elevated transepithelial Ca 2ϩ flux. Because it is difficult to synchronize molting cycle in six crayfish, flow cytometry is being explored as a more sensitive technique to measure Ca 2ϩ uptake into individual vesicles. A second important mechanism for basolateral Ca 2ϩ transfer is the Ca 2ϩ /Na ϩ exchanger that has been partially characterized in crab gill (8) and lobster hepatopancreas (33) . The present paper provides preliminary indirect evidence for the Ca 2ϩ /Na ϩ exchanger in crayfish BLMV. Continued studies must characterize this exchanger and assess its relative role in transmembrane Ca 2ϩ efflux and overall IC Ca 2ϩ homeostasis. A logical progression of this work is to integrate cellular physiology with molecular characterization of the Ca 2ϩ pump. Due to its fragility, the hypodermal epithelium has largely evaded most in vitro approaches, and yet its role in Ca 2ϩ transfer during the molting cycle is paramount. This epithelium will continue to challenge comparative physiologists desiring to understand its role in Ca 2ϩ homeostasis.
